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The Corona-to-Spark Transition and its Dependence on Electric Field
Non-uniformity
By
David Smith
B.S., Nuclear Engineering, University of California, Berkeley, 2017
M.S., Electrical Engineering, University of New Mexico, 2022

ABSTRACT
The corona to spark transition is an important part of understanding gaseous
breakdown in non-uniform fields. The degree of uniformity in the geometry determines both
the onset of corona as well as the eventual spark transition. In a highly non-uniform
geometry, the onset of corona precedes the development of a spark. However, in weakly nonuniform fields, corona is unable to form before it transitions into a spark. The degree of nonuniformity at which this transition occurs is known as the corona point.
An experimental setup using the point electrodes allows precise changes in field
uniformity, characterizing the corona point in multiple types of geometries. Optical and
electrical diagnostics are used to determine the onset of corona as well as spark breakdown to
determine the corona point in these geometries. Analysis of various breakdown criteria are
used to determine their applicability in non-uniform fields and explaining the corona point.
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Chapter 1 Introduction
A long-standing problem in gas discharge physics is the formulation of a criterion for
the electrical breakdown between two electrically stressed electrodes of arbitrary geometry.
The electrical breakdown of the geometry is characterized by the formation of a luminous
channel of non-zero conductivity that passes circuit-limited current. Electrical breakdown has
a long and varied history stemming from the important work in gas ionization phenomena by
Townsend [1] and Paschen [2], leading to the modern understanding of streamer driven
breakdown proposed by Raether [3], and by Loeb and Meek [4] in the 1930’s. The streamer
concept informs discharge applications and basic criterion for breakdown in atmospheric
pressure discharges over a large range of gap distances. Here, a brief review of the relevant
phenomena involved in gaseous breakdown is given as well as clarifications of the several
entangled definitions of sustaining and stability fields related to streamer propagation and
sparking potentials.
In 1889, Paschen used a vacuum tube to determine the minimum voltage necessary to
ignite an electrical discharge between two electrodes. This was done between parallel metal
plates as the gas pressure and gap distance were varied. The empirical relation that Paschen
discovered is given by equation (1):

𝑉 =

𝐵𝑝𝑑
1
ln(𝐴𝑝𝑑) − ln ln(1 + )
𝛾

Here, the variables 𝐴 and 𝐵 are experimentally measured for a given gas and are
approximately constant over a restricted range of 𝐸/𝑝. Importantly, Paschen realized the
breakdown voltage as a function of the product between the gas pressure 𝑝 and the gap
1

(1)

distance 𝑑. The generated plots of breakdown voltage with the measured dependencies are
known as Paschen curves.
This is supplemented by the studies of Townsend, as published in his “Theory of
Ionization of Gases by Collision” [5] describing the mechanism of electron avalanches in
gases. This resulted in the well-known equation for the discharge current:

𝐼=

𝐼 exp(𝛼𝑑)
1 − 𝛾(exp(𝛼𝑑) − 1)

(2)

Equation (2) describes the exponential development of the current through successive
electron avalanches that are sustained through secondary emission from ion bombardment of
the cathode. The criteria for a self-sustaining discharge is yielded from the limiting case of
the Townsend equation given by
𝛾(𝑒

− 1) ≥ 1

(3)

Where 𝑑 is the gap spacing, 𝛼 is Townsend’s first ionization coefficient and 𝛾 is Townsend’s
coefficient of secondary emission from ion bombardment. Townsend’s theory is very
successful at describing several breakdown related phenomena in gases, including Paschen’s
curves as well as the effects of different cathode materials through secondary emission.
Similar to Paschen’s work, Townsend’s criteria finds good agreement in uniform gaps
(parallel plate geometries) and lower pressures. However, the investigation of the transient
nature of the spark in the 1930’s and 1940’s revealed the surprisingly fast development of the
spark to be on the order of 10-7 s or less [6]. These time scales were too fast to be explained
by successive electron avalanches that sustain through ion bombardment. The mobility of
ions in atmospheric pressure gases is very low and the discharge would take much longer
than the observed rapid impedance collapse. It was revealed that breakdown in this regime is
2

ignited through a single rapid ionization process requiring only a single effective avalanche
that propagated across the gap. In examining the validity of the Townsend theory at higher
pressures and gap distances(𝑝𝑑 > 10 𝑃𝑎 𝑚), the streamer mechanism was proposed by
Raether [6], Loeb [7], and Meek [8] to explain the fast breakdowns observed near
atmospheric pressures at high overvoltages. This was supported by fast current measurements
as well as fast imaging, showing the rapid propagation of a luminous ionization front in the
gas. Modern understanding of electrical breakdown shows that a majority of atmospheric
breakdown events are described by the streamer mechanism.
In this work, non-uniform geometries at atmospheric pressures are typically expected
to breakdown through the streamer mechanism and gaps are kept small enough to ensure
leaders do not develop. Discussion of breakdown in gases also requires an overview of the
several ionization, attachment, and other processes leading to corona, streamer and spark
formation. The various stages of pre-breakdown and their relevant processes are discussed
before examining the various criteria used to predict breakdown.
1.1 Ionization Processes
In a gaseous medium, absent electric field, the molecules of the gas are largely neutral
and at local thermodynamic equilibrium as described by the ideal gas law.
𝑃 = 𝑛𝑅𝑇

(4)

where 𝑃 is the pressure, 𝑛 is the number density, 𝑇 is the temperature, and 𝑅 is the ideal gas
constant. At room temperature, the energy of the gas is largely stored in the translational
motion of the molecules and partially in the quantum rotational-vibrational levels of the
ground state obeying a Boltzmann distribution. There are various ionization sources that give
a very small population of free electrons in the gas, including cosmic radiation or radioactive
3

sources. High energy particles from these sources are capable of ionizing the gas molecule or
atom yielding a free electron and a positive ion. Photoemission from surfaces is also a
contributor to free electrons in a gas, which requires some illumination of the surfaces with
typically ultraviolet light. Other applications may also use lasers whose power density is
capable of inducing multi-photon ionization in the gas.
With an applied electric field, both ions and electrons are accelerated by the electric
field and gain energy between collisions. Due to the mass of the electron being several orders
of magnitude lower than that of ions, electrons respond to the electric field much faster than
ions and dominate the transient behavior of pre-breakdown discharges. Due to the much
faster energy gain by electrons in electric fields between collisions, electrons are capable of
several different elastic and inelastic collisions with neutral molecules and atoms. Elastic
collisions conserve momentum in the collision and imparts a very small fractional amount of
energy to the neutral while deflecting the electron. On the other hand, an inelastic collision
absorbs energy from the electron in the form of an excitation of the molecule. These are
excitations of the various electronic levels of the neutral, though these can also be
vibrational-rotational excitations in the case of molecules. The cumulative effect of these
collisions is to slow the movement of electrons in the gas and also serve as an energy loss
mechanism. This energy is distributed to the kinetic energy of the gas and is also lost through
radiation in radiative de-excitation of the excited states of the gas.
At high enough fields, some free electrons may have enough energy to directly ionize
the gas itself in collisions. These are direct impact ionization collisions and have the formula:
𝑒 + 𝐴 → 𝐴 + 2𝑒

4

(5)

where 𝐴 is the atomic or molecular species and the + subscript denotes the positive ionized
species. This is the main mechanism of an electron avalanche as described by Townsend. The
energy of the free electron required to undergo this process must be above the ionization
potential of the species.
Another important ionization consideration for electrical breakdown is photo-ionization.
These are characterized by the formula:
ℎ𝜈 + 𝐴 → 𝐴 + 𝑒

(6)

Here, 𝜈 refers to the frequency of the photon, while ℎ𝜈 defines the energy of the photon
which must be above the ionization potential of the species. The origin of this photon can be
a laser in some applications, or likely from other high energy excited states in the discharge
when considering electrical breakdown.
The consequence of these ionization processes is the exponential gain of electrons in
an electric field. This is quantified through Townsend’s first ionization coefficient, 𝛼, in the
equation:
𝑛 (𝑑) = 𝑛 𝑒

(7)

This describes the number of electrons some distance, 𝑑, from an initial seed of electrons,
𝑛 . The first ionization coefficient describes the number of new free electrons produced per
unit distance of travel. The electron swarm exponentially gains electrons as it drifts in the
background electric field at a given drift velocity determined by the electric field. It is clear
that this process depends largely on the electric field which determines the gain in electron
energies between collisions, and the pressure of the gas, which determines the time between
collisions of the free electrons and the neutral gas species.
5

1.2 Recombination and Attachment Processes
Competing against the ionization processes above, there are recombination and
attachment processes that recombine positive ions with free electrons or capture free
electrons to form negative ions. At high electron/ion densities, recombination plays can play
an important role. A typical formula for two-body recombination is presented in the equation:
𝑒+𝐴 →𝐴

(8)

During pre-breakdown events however, recombination plays a relatively minor role in the
dynamics of streamers due to the time scales and relatively low densities of electrons and
ions. Attachment processes typically play a much larger role in avalanches and streamer
events. This is due to the presence of electronegative gases (F, CL, O 2, SF6, etc…). These
gases tend to attract electrons due to the lack of one or two electrons in the outer shells and
form negative ions with free electrons. This has the effect of reducing the number of free
electrons available to avalanche and inhibits the growth of avalanches. Similar to the first
ionization coefficient, an effective attachment coefficient, 𝜂, describes the loss of free
electrons per unit distance to attachment. It is also similarly sensitive to pressure and electric
field. The competing processes of ionization, attachment, recombination act together to form
an effective ionization coefficient that is defined as:
𝛼∗ = 𝛼 − 𝜂

(9)

For gases, the point at which 𝛼 − 𝜂 > 0 at a given pressure and electric field, is known as the
critical field. This is an important distinction from the breakdown field. The critical field is
simply the field necessary for an avalanche to grow. For the two gases used in this study, air
and SF6 at atmospheric pressure, the values for the critical fields are approximately 26 kV/cm

6

and 90 kV/cm respectively. The Townsend coefficients in air and SF 6 are reproduced in
Figure 1.

Figure 1 - Townsend coefficients in air and SF6, Note the particularly intense attachment
coefficient in SF6 that significantly increases its breakdown strength compared to air

7

1.3 Breakdown in Uniform Fields
As briefly described above, the general form of a breakdown criterion in uniform
gaps formed by parallel plates is given by Townsend. With equation 3 rearranged, the
replenishment criterion formed by the Townsend condition is readily visible:

𝑒

∗

1
+1
𝛾

=

(10)

The left hand side is the exponential increase in electron number when avalanching through
an applied electric field which is uniform in the gap. This number is balanced by the
generation of primary electrons released from the cathode through secondary processes (e.g.
ion or photon impact). This is the Townsend mechanism for a self-sustained discharge. It
forms a working breakdown criterion for glow and arc discharges due to the instability of the
discharge to small perturbations [10]. This can lead large increases in current that leads to
thermalization of the channel. It should be noted however, that the Townsend mechanism
does not explain the filamentary nature of the discharges seen at atmospheric pressures in
sparks and arcs.
The application of the Townsend mechanism to uniform gaps effectively yields the
general shape of the widely used Paschen curves for breakdown, illustrated in Figure 2.

8

Figure 2 - Paschen Curves, plots of sparking voltage as a function of the product of pressure
and gap distance in uniform electric fields. The gas species gives some variation of the
general shape [11]
These curves show the interesting phenomena of the Paschen minimum. This is the minimum
breakdown voltage that happens at a particular product of pressure and distance. The shape
of these curves is highly dependent on the Townsend coefficients shown above which vary
strongly as a function of the reduced electric field. Application of Paschen curves to real
world applications should be done with caution however. In engineering applications, often
times the geometry does not satisfy the uniformity constraint or are at gap distances where
the Townsend mechanism does not apply.
1.4 Breakdown in Non-Uniform Fields
The Townsend mechanism can be applied to non-uniform fields through the use of an
integral of Townsend’s first ionization coefficient over electric field lines in the gap. This
yields a slightly modified constraint seen in equation 11:

9

𝑒∫

=

1
+1
𝛾

(11)

While this criterion may apply over a limited range of gap distances and pressures, at
atmospheric pressures and larger gap distances, experiments reveal that the Townsend
mechanism does not predict breakdown in these cases. The prevailing understanding of
breakdown in most atmospheric pressure gases is the streamer mechanism. It was originally
proposed by Raether, Loeb, and Meek to explain some of the shortcomings of the Townsend
mechanism in explaining breakdown events, especially higher overvoltages and the time
scales necessary for breakdown. However, it is generally used to explain the breakdown
events in most atmospheric pressure discharges for moderate gap sizes.
The key to understanding the inception of the streamer discharge is to include the
self-fields in electron avalanches that reach significant enough densities to modify the
Laplacian electric field in the gap. At atmospheric pressures, avalanches may reach
significant electron numbers in short distances and thus the space charge of the avalanche
must be considered when considering the propagation of the discharge. The criterion for
streamer formation is given by Meek’s criterion, which requires the electron avalanche to
reach a critical electron number to modify the applied field [9].
𝑒
𝐸
𝑒𝑥𝑝 𝛼
∗𝑥 ≈ 𝐸
𝑝
4𝜋𝜀 𝑟

(12)

𝑁 = exp(𝛼𝑑) ≈ 1 ∗ 10 , 𝛼𝑑 ≈ 18

(13)

𝐸 =

Once the streamer onset criterion has been met, the streamer propagates with high velocity
towards the other electrode, much faster than the electron or ion drift velocities. The typical
picture of cathode-directed and anode-directed streamers is given below in Figures 3 and 4.
10

Figure 3 - Cathode-directed streamer (positive streamer) propagation. Secondary avalanches
initiated from photoionization feed into the positive head of the streamer as it propagates.
The radius of the streamer head forms a local field enhancement. [12]

Figure 4 - Anode-directed streamer (negative streamer) propagation. Avalanches are fed from
the streamer channel to propagate the streamer. The streamer head similarly forms a local
field enhancement to enhance ionization. [12]
11

For cathode-directed streamers, known typically as positive streamers due to
initiating from positively stressed electrode, propagation proceeds through the initiation of
secondary avalanches produced through free electron production ahead of the volume. The
positively charged front of the streamer head draws in these secondary avalanches and forms
a geometric field enhancement due to the finite radius of the streamer head. The drift of the
electrons into the streamer channel creates a low finite conductivity path that is nearly quasineutral.
For anode-directed streamers, similarly known as negative streamers, the streamer
channel itself must supply the electrons necessary to propagate the ionization front further
into the gap. Theoretically, photoionization plays a less critical role in the propagation of
negative streamers. It has also been found that it is more difficult in general to generate and
propagate negative streamers in most cases.
The sequence from the streamer crossing the gap to the eventual spark is not well
understood in terms of a well-defined criterion. However, the sequence from streamer to
spark phase can be understood qualitatively as illustrated in Figure 5.
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Figure 5 - Illustration of the primary positive streamer to spark sequence [13]
The illustration demonstrates a typical geometry used to generate streamers and sparks
for study, the point-to-plane geometry. The stressed electrode is charged positively and at
least initially, the only ionization occurs locally according to the Laplacian field near the
stressed electrode. Once the streamer onset criterion is met, the streamer propagates towards
the other electrode, forming a low field region in the channel behind it due to its high
conductivity as discussed before. As the streamer approaches the other electrode, a cathode
fall region is formed with a luminous flash observed that is usually associated with intense
photoemission from the cathode [14]. From this point, there are oftentimes secondary
streamers with different properties that traverse the gap in the channel left behind the primary
streamer. The gas is rapidly heated through the multiple excitation and vibrational relaxation
collisions with the electrons and will then expand. This introduces an effective increase in the
reduced electric field, leading to further ionization. This feedback process continues until the
gas is heated to a thermalized channel and produces a cylindrical shockwave. At this point,
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the channel is sustained through its sheath regions and further ionization in the bulk plasma
due to its high temperature.
1.5 The Sustaining and Stability Fields
When considering breakdown, a necessary but not sufficient condition is the streamer
must cross the gap between two electrodes. There is a significant amount of confusing and
sometimes contradictory literature on the subject of streamer sustaining fields as well as the
stability field. An overview of the nature of the sustaining and stability field is given here and
its importance in determining breakdown criteria.
The sustaining field was postulated as a criterion for the propagation of streamers
when it was realized that streamers could not indefinitely propagate in a region with no field.
Early experiments in determining the field necessary to propagate the streamer were
conducted by Acker and Penney [15] when investigating the streamer propagation models of
Wright [16] and Dawson and Winn [17] for positive streamers. The early streamer model of
the positive streamer by Wright consisted of considering the positive streamer as an
extension of the electrode. The streamer acted as a conducting filament that extends the field
of the electrode into the gap. A contrasting view proposed by Dawson and Winn consisted of
a streamer tip that is isolated from the anode and advances solely due to the photo-ionization
and secondary avalanches ahead of the streamer tip. The experiment of Acker and Penney
used a point electrode to launch streamers through ring electrodes to which a potential was
applied to determine the propagation characteristics of these streamers through uniform
fields. The results of this experiment shown in Figure 6 demonstrated the necessity for a field
to support the streamer propagation in these uniform fields.
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Figure 6 - Acker and Penney experiment [15] demonstrating the propagation of streamers
through the uniform field of the ring electrodes corresponding to an electric field of 4.6
kV/cm
Acker and Penney supported this minimum electric field with the argument that “the energy
lost in propagating [the streamer] is balanced by the energy gain in traversing the electric
field“[15]. This energy balance view was also supported by the early simulations of streamer
done by Gallimberti [18], who determined a higher field of 7.0 kV/cm for the stable
propagation of streamers. Gallimberti similarly quotes a value of 7.0 kV/cm from an
experiment by Phelps [19], determined from streamer lengths in uniform fields.
One of the most widely accepted verifications of the sustaining field for the positive streamer
is the experiment of Allen and Ghaffar [20] to measure the required conditions for streamer
propagation in the experimental setup in Figure 7.
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Figure 7 - Experimental setup used by Allen and Ghaffar for streamer sustaining field
measurements [20]
A comprehensive showing of previous experiments in measuring the sustaining field is
provided in Table 1 as compiled by Allen and Ghaffar.
Reference

Sustaining Field (kV/cm) Electrode Gap

Anderson [21]

4.64

Plane-parallel, 5-25 mm

Phelps and Griffins [22]

4.87

Plane-parallel, 90 mm

Allen and Boutlendj
[23]
Acker and Penney [15]

4.9

Plane-parallel, 660, 470, 210 mm

4.6

Non-uniform, 31.7 mm

Bye, et al. [24]

4.7

Non-uniform, 450 mm

Allen and Dring [25]

4.14

Non-uniform, 600 mm

Geldenhuys [26]

4.64, 4.894

Non-uniform, 500 mm

Table 1 - Experimental determinations of the sustaining field of positive streamers in
atmospheric air
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In this experiment, Allen and Ghaffar make the claim that the value of 4.40 kV/cm
“represents the field required for the propagation of a streamer of minimum attainable energy
in the absence of space charge due to branching, and that this value is, therefore, a threshold
characteristic of a single streamer. Lower propagation fields are required when the streamer
energy is larger, or when branching produces significant space charge.” [20].
This view of streamer sustaining fields being supported by a background Laplacian
electric field is popular though there are several cases, especially in the slowly ramped
voltage case presented in this work, where this does not correspond to the actual criteria for
streamer crossing the gap in non-uniform fields. While modern fluid simulations have greatly
improved since the early simulations of Gallimberti, they also support the idea of a stable
propagation field as well [27, 28].
Another view supported by some measurements is the propagation of the streamer is
sustained not through a Laplacian field that is present as it traverses the gap, but the potential
that the streamer carries across the gap as it propagates. Sigmond [13] finds that “the average
electric field along this channel, during the head propagation, seems to be remarkably
independent of the streamer size, i.e., of the interrelated channel current and head
propagation velocity and will in ambient air be about 4.50 kV/cm.” This is supported by
early measurements in [29]. This is an important distinction from the view of a Laplacian
field supported streamer. If the voltage is sufficient across the gap to supply this streamer
channel field, then the streamer will cross the gap and contact the electrode, at least in the
case of the positive air streamer. It should be clear that this is not inconsistent with the
findings of Allen and Ghaffar in the propagation of streamers in their pulsed uniform fields,
but simply a different interpretation of the nature of the sustaining field. This view of the
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sustaining field allows streamers to cross gaps that have portions of the field below the
sustaining field, as long as potential across the gap is able to support the minimum field in
the channel for streamer propagation.
1.6 The Corona Point
It was pointed out by Warne et al. [30], that there is a curious connection between the
sustaining field for streamers, and what is known as the corona point. The corona point is a
concept in breakdown when varying the uniformity of the Laplacian field. The typical picture
of the breakdown curves associated with the corona point measurement are shown in Figure
8. At highly non-uniform fields, breakdown is preceded by corona, a type of local luminous
discharge. The word corona as used in electrical breakdown, from the French couronne,
literally crown, encompasses a surprisingly large variety of discharges that take the form of
some luminous discharge near a stressed electrode. As seen in many types of gaps and gases,
corona can take a variety of shapes: glows, spots, haloes, brushes, and streamers [31]. For the
purposes of the corona point measurement, it is sufficient to characterize the onset of corona
as the detection of light near the electrode that leads to a “stable” discharge. This is to
differentiate the light seen at corona onset from the luminous events seen microseconds or
nanoseconds before spark breakdown. Corona onset may also associated with a jump in
current, though this does not necessarily imply the formation of a streamer.
The non-uniformity of a geometry is difficult to quantify, and depends on the
particular geometry studied. In some sense, it can be loosely defined as a ratio of the
maximum electric field to the minimum electric field in the geometry. It is not as important
to quantitatively define a unique non-uniformity parameter in the corona point measurement
as it is to understand the effect of certain variables that change the uniformity in a geometry.
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In the point-to-plane and point-to-point geometries that will be studied, the variable that
typifies the uniformity parameter is the gap distance. Larger gap distances correspond to
higher non-uniformity for a given point size. Concentric cylinders have a similar dependence,
though it is plotted as a function of the radius of the inner cylinder. The smaller radii inner
cylinders correspond to increased non-uniformity.
As the non-uniformity of the gap is decreased, the potential difference between the
corona and spark branches decrease until they meet at the corona point. Warne defines this
point as “the minimum voltage (as a function of λ) for which a primary streamer can form,
cross the gap, and trigger a spark” [30]. The parameter, λ, qualitatively defines the degree of
non-uniformity in the geometry. Below the corona point, with the uniformity of the gap
increasing, spark breakdown proceeds without a corona precursor. While these weakly nonuniform gaps may proceed through the streamer mechanism, at even higher uniformities and
smaller gaps, the breakdown process may gradually transition from the streamer mechanism
to the Townsend mechanism.
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Figure 8 - Diagram of the behavior of breakdown and corona as a function of the field nonuniformity. The solid curve corresponds to the spark branch and the dashed curve is the
corona branch. The behavior of the curves here is typical of a point-to-plane geometry with
the x-axis being the gap distance
In Warne’s analysis of the concentric cylinder and point-to-plane geometries for a
positively stressed electrode in air, it was determined that the minimum Laplacian electric
field at the corona point corresponded to the well-known sustaining field measured in several
other experiments. Analysis of the minimum fields above the corona point, where spark
breakdown is preceded by corona, shows that the sustaining field forms a relatively robust
criterion for breakdown in these gaps. For completeness, the data examined by Warne
included the concentric cylinder experiment of Uhlmann [32], and the point-to-plane
experiment of Isa et al. [33]. Uhlmann’s data consisted of concentric cylinders with outer
radii of 3, 5, and 10 cm, with gap distances of several centimeters pictured in Figure 9. Isa’s
data similarly looks at centimeter gaps with hemispherical capped rods of varying diameters
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from 1 to 15 mm. Both experiments explored the corona point measurement in atmospheric
air with slowly ramped voltages.

Figure 9 - Experimental configuration of the concentric cylinders of Uhlmann [32]
In this work, the corona point and its extension to the indirect measurement of the
sustaining field is examined with the use of two gases at atmospheric pressure, air and SF 6.
Specifically targeted in this work are the corona and spark branches in the point-to-plane and
point-to-point geometries involving millimeter gaps and slow voltage ramps. A review of this
data through the lens of various breakdown criteria is compared with an analysis of the data
of Uhlmann and Isa to show the applicability of these effective criteria in this breakdown
regime.
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Chapter 2 Experimental Setup
2.1 Experimental Setup
An experiment was designed to measure the corona point in non-uniform geometries
to investigate the various conditions necessary for corona and spark breakdown. Several
diagnostics shown in Figure 10 and Figure 11 are used to determine the onset of corona and
spark breakdown. The uniformity of the electric field in the gap can be varied by adjusting
the gap distance between two electrodes. This was done for two types of non-uniform gaps,
point-to-plane, and point-to-point. The point-to-plane geometry has the minimum electric
field on-axis located on the plane’s surface. The point-to-point geometry on the other hand is
symmetric for identical pointed tips and has the minimum on-axis electric field located in the
middle of the gap, as far away from any electrode surface effects that may affect the point-toplane geometry. On the other hand, the point-to-point geometry will only give information
about the polarity that has a lower minimum field. In the case of air, it’s assumed that
cathode-directed streamers will form and propagate first before anode-directed streamers.
The experiment is carried out in a pressurized chamber with two different gases: SF 6
and ultra-zero air. Three electrical diagnostics are employed to measure voltage and current,
while one optical diagnostic is used to measure light. These are a Tektronix P6015 High
voltage probe, a current viewing resistor (CVR), a fast current transformer (FCT), and a
photomultiplier tube (PMT). Their locations outside the pressurized chamber are illustrated
in Figure 10.
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Figure 10 - Experimental Setup including optical and electrical diagnostics for the corona
point measurement

Figure 11 - Schematic of corona point measurement showing all four diagnostics and
electrical circuit
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2.2 Chamber
To ensure repeatable results and different pressures/gases, the discharge was encased
in a chamber purchased from Ideal Vacuum Products LLC as shown in Figure 12. The cube
had dimensions of 6” on each side for a total volume of 0.125 cubic feet. The chamber was
composed of a metal frame of 6061-T6 aluminum and six O-ring sealed sides. A Swagelok
gas inlet and relief valve were placed in KF ports on the top of the box for pressurizing the
chamber and purging gas to remove humidity. Two CF flange ports were placed on opposite
sides of the chamber for the electrode feedthroughs. Custom fittings were printed using a
Form Labs Form2 3D printer with the tough resin to seal to these flanges and tapped to insert
3/8” NPT inlets that the electrodes could be inserted through and maintain pressure.
The gas system consisted of a regulator, flow valve, and a gas bottle of pressurized
SF6 or ultra-zero air. To avoid any pressure scaling necessary at elevation, the chamber was
pressurized to 760 torr (1 atm) absolute for all experiments. This is verified through the use
of a Granville Phillips 275 Convectron Gauge, capable of measuring up to 1000 torr with an
accuracy of 1 torr in this range. The gauge is mounted directly to the chamber for accurate
readings of the gas pressure in the chamber. Due to the several reactive species created in the
corona and spark discharges in the chamber, a vacuum pump system was implemented to
evacuate the chamber between shots. The system consisted of simply a vacuum valve on the
chamber along with a dry scroll pump.
The chamber was fitted with UV fused silica windows on three sides with line of
sight to the discharge. These windows were 2” diameter and 12mm thick. It has high
transmission in the typical spectral range for corona discharges as shown in Figure 13. One
window was placed on the bottom of the chamber to give the photomultiplier tube a direct
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low-loss line of sight to the discharge region. The remaining two windows were placed
orthogonal to the electrodes and discharge axis. These allowed visual inspection of the
discharge and the simultaneous use of multiple cameras to image the discharge.

Figure 12 - Ideal Vacuum Chamber, showcasing the aluminum frame and modular side
panels [34]

Figure 13 - Wavelength transmission through UV fused silica windows [35]
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2.3 Electrodes
The electrodes were created using 3/8” tight tolerance brass rod with a rounded end
and a circular brass ground plane that was 90mm diameter and 1/8th inch thick. To further
focus the electric fields on the point electrodes, two methods were used. For very fine tips, a
tungsten welding electrode was attached to the end of the brass rod. This allows for a much
finer point with less ablation during breakdown events. The tip was inserted into the brass
electrode by drilling tight fit holes and heating the brass expanding the hole, ensuring a good
electrical connection and tight bond. The tip of the brass rod was rounded with a 3/8” radius
to reduce coronal losses premature to the tungsten tip. Before inserting the tungsten tip into
the brass electrode shaft, the tungsten tip was shaped into a fine point. This was done using a
welding electrode sharpener attachment on a Dremel. The attachment sharpens the tungsten
into a fine point by grinding the tip at an angle on the grinding disk. The other method for
machining larger tips, involved cutting the brass down at the end of the electrode to a smaller
radius. Another tip used was a steel phonograph needle for its sharpness as well as the
smoothness of the finish. Examples of these tips are shown in Figure 14. After the tip was
machined pictures were taken with a ProZoom PZT-6.5 microscope and an Ultra-cam II
camera attachment. Precise measurements of the dimensions of the tip are performed on the
microscope to later calculate precise electric field simulations on the geometry. The
electrodes are mounted on a micrometer translation stage that gives precise gap distance
measurements.
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Figure 14 - Different points measured under the microscope for accurate modeling of the
electric field in the geometry. Relevant features are measured for recreation in a numerical
solver for electric fields
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2.4 Voltage Source
The electrodes were biased with Acopian Rack Mount High Voltage Power Supplies
shown in Figure 15. With a maximum voltage of 30 kV and a 2.5 mA current limit, the
supply was capable of providing the necessary voltages for breakdown with millimeter to
centimeter gap distances. The voltage on the electrode was ramped up as slowly as possible
to allow time for the corona formation at each increment. The power supply was ramped at a
rate of 0.01kV/200ms or 50 V/s. The ramping process was done using the external supply
control on the back of the power supply. The supply allows for an input voltage of 0-5.1V
mapped to the high voltage output of 0-30kV. To utilize the external supply control a
National Instruments USB-6001 DAQ was used. The USB-6001 DAQ allows for analog
outputs of -10V - 10V with respect to the ground input through two different analog outputs.
The DAQ was grounded to the power supply control reference ground and one of the analog
outputs was connected to the external supply voltage programmer. Outputting an analog
voltage between 0-5.1V from the DAQ allowed for full control of power supply. The DAQ
has a 23 14-bit Digital to Analog Converter (DAC) used to generate the analog output
voltages, this gives a discrete voltage step of 1.2mV. The USB-6001 was also capable of
analog inputs with 14-bit resolution. Alongside the external voltage controls the power
supplies also offered an external voltage reference scaled at 10,000:1 volt. This allowed for
the USB-6001 to read the high voltage output of the power supply with reasonable accuracy.
As well as the external reference voltage for the high voltage output the power supply also
had a reference voltage for the current supplied. The reference output was connected to one
of the analog inputs of the USB-6001 to give insight into the current supplied, the reference
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was scaled as 1V/mA with a maximum output current of 2.5mA. The USB-6001 is a national
instruments device designed to be utilized with LabVIEW.

Figure 15 - Acopian rack mount high voltage power supply (30 kV DC and 2.5 mA output)
[36]
2.5 Voltage Probe
The voltage of the charged electrode was measured using a Tektronix P6015 high
voltage probe, pictured in Error! Reference source not found.. The Tektronix P6015 is a
commonly used high voltage probe in pulsed power measurements. It can handle DC
voltages up to 20kV. The probe had an internal capacitance of 3pF and resistance of 100MΩ.
This 100MΩ resistance is used as a ballast across the gap as shown in Figure 11. To ensure a
good electrical connection the electrode was physically attached to the P6015 high voltage
probe by screwing onto the end of the probe via a 10-32 threaded hole. The high voltage
probe gives a more precise measurement of the voltage than the voltage supply. It also served
as another diagnostic for when breakdown occurred, due to the voltage waveform dropping
significantly during breakdown.
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2.6 CVR
The current through the circuit was measured using a current viewing resistor
commonly known as a CVR. The specific product used was a T&M Research Products
model SSDN-414-01. A precise, low inductance, and small resistance of 0.0997Ω is put in
series between the large plane electrode and the system ground. By measuring the voltage
across the resistor, it is possible to calculate the current through it using Ohm’s law. The
CVR is used to measure the breakdown current and verify that breakdown had occurred.
When the gap breaks down a large spike of current is generated due to the resistance of the
gap rapidly dropping.
2.7 FCT
Data capture of corona onset requires precise and time-resolved measurements of
current. The power supply displays the given amount of supplied current in a low-resolution
form. To measure the precise amount of current flowing through the electrode, a Bergoz Fast
Current Transformer (commonly called an FCT) was used as shown in Figure 16. The model
of Bergoz FCT used was the FCT-055-0.50-WB with 0.5 V/A gain and a 1.5GHz bandwidth.
The FCT was placed with the electrode passing through it, this allowed the FCT to measure
the current flowing through the electrode. This would typically be the onset of corona, often
featuring fast nanosecond pulses of current on the order of milli-amps. The FCT was chosen
due to its ability to quickly capture the current pulses that occur from corona. The FCT is a
nonintrusive way to measure current pulses as low as few milli-amps in the discharge.
Another benefit to the FCT is its ability to handle the large amounts of current that pass
through it when breakdown occurs. On the other hand, the FCT is incapable of measuring the
micro-amp DC currents of stable corona.
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Figure 16 - Bergoz fast current transformer [37]
2.8 PMT
To determine when corona had occurred a PM001 Thorlabs photomultiplier tube was
used shown in Figure 17. The photomultiplier tube would detect the faint light emission that
occurs when corona first appeared. It was placed with a direct line of sight to the discharge
region. The PM001 is sensitive in the 300 nm - 500 nm range in Figure 18. Air and SF 6
coronas feature intense spectral lines in this region of the UV and visible spectrum. Of
particular intensity in air are the second positive and first negative systems of nitrogen. These
electronics systems generate spectral lines in the 330 nm – 400 nm region. The
photomultiplier works by creating a cascade of electrons to create a current and therefore
output a voltage. The photomultiplier was placed outside the chamber on the lower window.
Because the photomultiplier is not designed to be pressurized it could not be mounted with a
direct path to the inside of the chamber. To allow for the photomultiplier to still have a line
of sight into the pressurized area, a window was placed between the optical input of the
multiplier and the chamber. This allowed for a separation of the pressure from the
photomultiplier. The window as mentioned in section 3.2, provided minimal attenuation to
the light created by the corona and does not affect the sensitivity of the photomultiplier.
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The onset of corona gives minimal light emission which would normally be
overpowered by the naturally occurring light in the laboratory, to remove this background
light the experiment was in closed in a shadowbox, a structure comprised of an optical mount
metal base, and then covered with a Thorlabs BK5 black out sheet. This proved sufficient to
discriminate light of the corona from any background light inside the shadowbox.

Figure 17 - Thor Labs PMM01 photomultiplier tube [38]

Figure 18 - PMM01 spectral response [38]
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2.9 Triggering
Data was collected with a Tektronix DPO 7104 oscilloscope, with four channels. The
DPO 7104 has a bandwidth of 1GHz and a sample rate of 5 GS/s which is sufficient to
capture the currents involved in corona onset and breakdown. As the gap distance was varied
using the micrometer, waveforms were collected for both, corona onset and full electrical
breakdown. Two different triggering methods were used for determining these two
transitions.
For the corona onset the oscilloscope was triggered from the PMT, indicating light
emission and thus the onset of corona. The light would also be accompanied by a pulse of
current detected by the FCT which can detect the milliamp, nanosecond-scale current pulses
that is associated with corona onset as shown in Figure 19.

Figure 19 - Triggering of the PMT and the associated current pulse seen on the FCT
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For spark breakdown, the transition is characterized by the sudden drop in voltage
seen by the P6015 voltage probe and the large ringing current passed through the CVR.
Therefore, the scope was triggered by the large current seen by the CVR seen in Figure 20 to
determine breakdown voltages.

Figure 20 - Triggering of the CVR at spark breakdown and the collapse of the voltage
across the gap
2.10 Data Collection
Data for each gas and geometry was taken in sets and post-processed later to obtain
the voltages at which corona onset or breakdown occurred. For a given gap distance, the
voltage is ramped at a rate of 50 V/s until the onset of corona or breakdown. Ten shots are
done for corona onset and breakdown each, totaling twenty data points for a gap distance.
The procedure begins at large gap distances and moved to shorter gaps until the corona point
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is reached, where the corona onset waveforms coincide with the breakdown. At this point,
collection is only done on breakdown to examine the breakdown curve at gap distances
below the corona point. Values for the voltage are extracted from the waveforms to
determine the onset values for corona onset and breakdown.
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Chapter 3 Electric Fields in Non-uniform Gaps

3.1 Analytic Approximations for the Point to Plane Geometry
The point-to-plane geometry has seen widespread use in corona, streamer, and
breakdown studies due to the concentrated high electric fields at the stressed electrode and its
strongly divergent field. This limits the active ionization area to a small region near the point
while the rest of the gap is at a lower field. Despite its use, there is not an exact solution to
the Laplacian electric field in the point-to-plane geometry. However, attempts have been
made at approximating the Laplacian field under certain assumptions and ranges. Two
approximations are examined here to determine their applicability to the corona point
measurement in the point-to-plane geometry.
The first approximation was developed using a hyperboloid approximation of the
point to an infinite plane by Coelho and Debeau [39]. This approximation uses a hyperboloid
approximation of the tip as shown in Figure 21. Some simplifying geometric approximations
that allow the radius of curvature of the hyperbola to be approximated by an inscribed circle
and elimination of small terms yields an analytical expression for the electric field on axis.
Under these assumptions, the electric field along the axis is given by:

𝐸(𝑋) =

𝑎𝐶
𝑋(2𝑎 − 𝑋) + (𝑎 − 𝑋)𝑟

With
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(14)

𝐶=

𝑉

(15)

ln(2 𝑎/𝑟)

At the tip, the electric field is

𝐸(0) =

𝐶
𝑟

(16)

𝐸

𝐶
𝑎

(17)

And at the plane, the electric field is

=

If a sphere can be inscribed within the radius of the tip, then the parameters are given by:
𝑎=𝑑+

𝑟
2

(18)

Where 𝑑 is the gap distance and 𝑟 is the radius of the inscribed sphere at the tip. Figure 22
demonstrates the variable non-uniformity of the point-to-plane geometry. Generally, the
uniformity of the gap increases with increasing radius and decreasing distance.

Figure 21 - Point-to-plane geometry as described in Coelho and Debeau [1]
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Figure 22 - Electric field on axis as approximated by Coelho. For a 10 kV charge applied to
the point and the radius being varied in a 2 mm gap. Note the uniformity of the electric field
increasing as r/d increases.
An important consideration in the application of this approximation for practical gaps is the
ratio of 𝑟/𝑎. As the tip radius increases or the gap distance is very small, the “sharp”
approximations tend to underestimate the majority of the field.
A second approximation is given by equation 22. The geometry of a symmetric point-topoint with +𝑉 and −𝑉 applied to two axisymmetric tips separated by distance 𝑑 is
parameterized by the variables:

𝑎=

𝜂 =

𝑑 𝑑
+𝑟
2 2
𝑑
2
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𝑑
+𝑟
2

(19)

(20)

The potential in the gap is given by:
1 + 𝑧/𝑎
1 − 𝑧/𝑎
𝑉(𝑧) = 𝑉
1+𝜂
ln
1−𝜂

(21)

−2𝑉
1+𝜂
ln
1−𝜂

(22)

ln

And the electric field is given by:

𝐸(𝑧) =

𝑎
𝑎 −𝑧

Due to the symmetry of the geometry, this solution can also be applied to the point-to-plane
geometry to obtain analytic solutions in both geometries. Applying the above equation in the
point-to-plane geometry yields the useful equations for the field at the tip and the plane.

𝐸

𝐸

=

=

−2𝑉
1+𝜂
a ∗ ln
1−𝜂

−2𝑉
1+𝜂
ln
1−𝜂

𝑎
𝑎 − (𝑑/2)

(23)

(24)

The derivative of the electric field shows the minimum on-axis field to be on the plane of
symmetry, 𝑧 = 0, as expected.
𝑑𝐸
−2𝑉
=
𝑑𝑧 ln 1 + 𝜂
1−𝜂

2𝑎𝑧
(𝑎 − 𝑧 )

(25)

This approximation gives more accurate results for hemispherical tips and always satisfies
the integral on-axis unlike the Coelho approximation:
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𝐸(𝑧)𝑑𝑧 = 𝑉

(26)

Example electric fields for a given geometry is shown in Figure 23. In general, the fields in
this approximation are larger than those predicted by the Coelho formulation.

Figure 23 - Electric field on axis through a second approximation. For a 10 kV charge
applied to the point and the radius being varied in a 2 mm gap.
3.2 CST
For the highest accuracy possible over all the gap distances measured, the real
geometries were recreated in CST Studio’s electrostatic solver to solve for the electric fields
for the experimentally measured voltages and gap distances. Here the tip geometry is
recreated with no approximations and the field solved for multiple gap distances. For a given
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geometry, the electric field can simply be scaled linearly from a single simulation when the
charge voltage is known, simplifying the problem. The geometry created for the tungsten tip
electrodes is shown in Figure 24. Similar geometries are simulated for the hemispherical
brass tips and other geometries. Recreating the relevant features of the experimental
dimensions of the tip and plate is critical in accurately simulating the electric fields. While
the characteristic shape of the tip in terms of tip radius, cone dimensions, and the cone to
sphere transition is faithfully recreated in the simulation, surface roughness on the micron
scale is not modeled here.

Figure 24 - Point-to-plane geometry created in CST's static field solver
3.3 Meshing and Boundary Conditions
The area of interest for the streamer problem is the electric field on-axis from the tip
to the plane. Due to the symmetry of the problem, tangential boundary conditions were used
to simplify the problem down to a single quadrant. Also, CST’s open boundary conditions
were used for the other boundaries in the domain, which acts as a free space boundary. The
mesh was refined specifically in the vicinity of the on-axis fields. This is done by introducing
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cylinders into the geometry, inside of which the mesh can be refined manually. In this case,
the on-axis cylinder refines the mesh to a fraction of the gap distance. The tip of the point
electrode is also refined to accurately replicate the geometry with sufficient accuracy. This is
similarly done through minimizing the mesh size to a fraction of the tip radius. The gradation
of the mesh is parameterized through CST’s smooth mesh with equilibrate ratio which is set
here to 1.1. An example mesh is illustrated in Figure 25.

Figure 25 - CST meshing of the point-to-plane geometry for a tungsten needle tip
3.4 CST Results
Example on-axis field results from the static field solver in CST are illustrated in
Figure 26.
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Figure 26 - On-axis electric field in the point-to plane geometry with a gap distance of 7 mm
and applied voltage of 1 kV for a “needle” like geometry with a tip radius of 0.12 mm and a
hemispherical capped rod geometry with radius 0.8 mm
For a proper comparison with the approximations shown earlier, the minimum and
maximum fields over a range of gap distances is plotted in Figure 27, with approximation 1
being the Coelho approximation, and equation 22 being approximation 2. Neither
approximation tends to accurately recover the field at the tip of the electrode though
approximation 2 tends to give slightly more accurate results. On the other hand,
approximation 1 gives much better results in predicting the minimum field on-axis, even at
shorter gaps. In both cases, the minimum field tends to be over predicted by the
approximations. Since both approximations tend to predict the field near the electrode poorly,
all gain integrals are done with the field profiles given by the static field solver of CST.
These simulations, and additional ones for other geometries are done at a set voltage of 1 kV,
allowing for easy scaling of the electric fields from the experimental data.
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(a)

(b)
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(c)

(d)
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Figure 27 - Maximum and minimum electric fields on axis for the tungsten needle tip and the
hemispherical capped brass rod geometries using CST and two analytic approximations (a)
maximum electric field in the needle tip geometry (b) minimum electric field in the needle
tip geometry (c) maximum electric field in the hemispherical cap geometry (d) minimum
electric field in the hemispherical cap geometry
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Chapter 4 Currents and Imaging of Corona
4.1 Observed Corona Modes and Images in Air
Several modes of corona were observed in this exploration of the corona to spark
transition and it is useful to give a summary of the observed coronas and their associated
currents. It is also pertinent to the discussion of the corona point to understand the current
pulses that are seen prior to spark breakdown and some of the qualitative characteristics of
the visible corona. Three second shutter images are taken with a Nikon D5600 camera to give
a time averaged visualization of the different modes of corona seen in this experiment.
At gap distances above the corona point, where corona precedes breakdown, the
positive corona is characterized by a thin emitting layer on the surface of the electrode. It
typically is very dim at the onset of corona and is concentrated in a small region of the tip. As
the voltage is increased, this layer grows brighter, but does not visually increase in thickness
significantly. Instead, as the high field region encompasses more of the tip, the discharge
layer spreads further into these high field areas. This transition is demonstrated in Figures
Figure 28 and Figure 29. One important characteristic of this corona is that the two
diagnostics used for measuring current in this experiment are unable to resolve the small
continuous current of this discharge. While the currents in these images fall below the
detection limit of the FCT current diagnostic, the light is still measured by the PMT.
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(a) No applied voltage

(b) 8 kV

(c) 9 kV

(d) 10 kV
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(e) 11 kV

(f) 12 kV

(g) 13 kV
Figure 28 - 3 second shutter images of positive corona in atmospheric air for a 7 mm gap and
an r = 0.8 mm brass hemispherical tip taken with a Nikon D5600.

(a) No applied voltage

(b) 5 kV
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(c) 6 kV

(d) 7 kV

(e) 8 kV

(f) 9 kV

(g) 10 kV

(h) Spark breakdown

Figure 29 - 3 second shutter images of positive corona in atmospheric air for a 7 mm gap and
a r = 0.12 mm tungsten tip taken with a Nikon D5600

(a) No applied voltage

(b) -9 kV
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(c) -10 kV

(d) -11 kV

(e) -12 KV

(f) Spark breakdown

Figure 30 - 3 second shutter images of negative corona in atmospheric air for a 7 mm gap and
a r = 0.8 mm brass hemispherical tip taken with a Nikon D5600
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(a) No applied voltage

(b) -5 kV

(c) -5.5 kV

(d) – 6 kV

(e) Spark breakdown
Figure 31 - 3 second shutter images of negative corona in atmospheric air for a 4 mm gap and
a r = 0.12 mm tungsten tip taken with a Nikon D5600
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(a) No applied voltage

(b) 14 kV

(c) 15 kV
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(d) 15.5 kV

(e) 16 kV

(f) 16.5 kV
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(g) 17 kV
Figure 32 - 3 second shutter images of corona in atmospheric air for a 2 cm gap and identical
r = 0.8 mm brass hemispherical tips taken with a Nikon D5600. The positively energized
electrode is on the left while the right electrode is grounded.
What is not captured in the images of Figure 28 and Figure 29 is the immediate onset
of corona which was found to take a couple of different forms. This is shown in the
waveforms in Figure 33 and Figure 34 which look at the FCT and PMT signals at corona
onset. Figure 33 demonstrates a typical current pulse that the PMT similarly sees, which can
be interpreted as a streamer onset that then settles into the stable corona as shown before in
Figure 29. However, there is also a “soft” onset which does not feature the current pulse nor
the same intensity of light as the streamer onset. Instead, the PMT sees a dim continuous
corona that similarly likely stabilizes to the aforementioned corona mode. This “soft” onset
was only observed in the large brass tip with a radius of 0.8 mm and is demonstrated in
Figure 34. Note the long tail in the PMT signal that indicates the continuous glow on the tip
electrode.
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Figure 33 - Onset of corona for a positively energized tungsten tip of r = 0.12 mm

Figure 34 - Onset of corona for a positively energized brass point of r = 0.8 mm
In the negative polarity, the corona has several distinguishing features from the
positive mode. While the positive corona is visually stable, the negative corona sees a
striking transition occur as the voltage is increased. At the onset of negative corona, the
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emitting region near the tip extends further into the gap than the positive corona. However,
the active surface area that is emitting is very small in the negative corona. The dynamics of
the avalanches in the two polarities explain this well. In the positive corona, avalanches begin
in a low density region away from the tip and reach their highest density at the surface of the
electrode. The diffusion of the avalanche as it falls into the electrode allows single
avalanches to cover a larger emitting area of the surface. In the negative corona, avalanches
begin near the high field region of the tip and increase in density as it extends into the lower
field region of the gap. The diffusion of the avalanches give the negative corona a
characteristic diffuse shape as it extends while also having a very small emitting area. Figure
30 demonstrates the typical glow associated with the negative corona. However, long shutter
images of negative corona seem to indicate that the corona covers a larger portion of the tip
than it actually does. In reality, the negative corona features avalanches that extinguish and
reignite in a different high field region of the tip. As the voltage is increased, the frequency
of these pulses increases, their current does not tend to change, and they appear over a larger
area of the tip. These features are characteristic of a pulsing form of negative corona known
as Trichel pulses, though the specifics of Trichel pulse physics and their features will not be
explored here. Figure 30(e) features a striking transition when the voltage is increased past
this point where the corona appears much brighter and appears to stay in a single position for
much longer. At this point, our diagnostics can no longer detect any current pulses associated
with this corona mode, indicating that it is either a continuous current or the current pulses
are too high frequency and/or too low current to detect with acceptable resolution using the
current diagnostics. The measureable currents associated with the images in Figure 30 are
reproduced in Figure 35 . The measured currents are typically on the order of a few mA, and
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typically do not change in amplitude or shape with an increase in voltage. Over the range of
voltages prior to the continuous current mode of the negative corona, the frequency of the
Trichel pulses increased from 40kHz to 138kHz over 2 kV at a gap distance of 7 mm. An
interesting observation is the similarity in the shape of the Trichel pulse current with the
positive streamer currents seen in the onset of positive corona as well as similar amplitudes.

(a) -9 kV, r = 0.8 mm, d = 7 mm

(c) -10 kV, r = 0.8 mm, d = 7 mm

(b) -9 kV, r = 0.8 mm, d = 7 mm, f ~ 40kHz

(d) -10 kV, r = 0.8 mm, d = 7 mm, f ~ 85kHz
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(e) -11 kV, r = 0.8 mm, d = 7 mm

(f) -11 kV, r = 0.8 mm, d = 7 mm, f ~
138kHz

Figure 35 - Trichel pulse currents seen in the negative polarity in atmospheric air
In the point-to-point geometry, some of the aforementioned features of corona are
present at the tips. The stable positive corona is the first to ignite and as the voltage increases,
the negative corona ignites as well. At a certain voltage, a thin, dim channel forms between
the two electrodes as shown in Figure 32. Interestingly, the current pulses associated with
this channel share some characteristics of the streamer pulses seen in the point-to-plane as
shown in Figure 36, but features an interesting pre-pulse current before the much larger
current spike. These currents are repetitive with a period of approximately 50 μs in the case
of Figure 32(g).
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Figure 36 - Pulsed currents seen in the point-to-point geometry. An interesting pre-pulse
current of much lower amplitude followed by a much larger current spike.
Finally, attention is brought to a particular region of breakdown found in this
experiment at the threshold of the corona point. This region is characterized by a current
pulse seen by the FCT and the PMT, which then develops into spark breakdown shortly after
(<10μs). In this experiment with the voltage ramp being much slower than this delay, these
events happen at effectively the same voltage. Furthermore, this region of breakdown extends
over a range of gap distances, where the time between the current pulse and the breakdown
event decreases with decreasing gap distance. An example of these kinds of current pulses is
shown in Figure 37. The oscillation after the peak of the streamer current pulse is very clear
here and typically has a period of about 100 ns. Also, the currents of these streamers are quite
high, typically 100’s of mA.
60

Figure 37 - Pre-breakdown streamer current and signal from the PMT. This current continues
on to collapse the voltage across the gap and lead to a spark. A gap distance of 2.5 mm and a
tungsten tip radius of 0.12 mm
In the point-to-point geometry there is necessarily some asymmetry in the gap. This
can be caused by slight variations in the hemispherical brass rods used in the experiment and
the grounding of the outer chamber. As one electrode is grounded and the other energized by
the power supply, it was necessary to examine the experiment using both positive and
negative supplies. The asymmetry of the gap was apparent in the onset of corona where the
energized electrode, regardless of polarity, began to corona first.
4.2 Observed Corona Modes and Images in SF6
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As a highly electronegative gas, SF6 forms an interesting counterpoint to the
relatively weakly electronegative oxygen in air. Similar to the images taken in air with the
Nikon D5600 camera, images of the corona in SF6 are taken at various voltages to compare
the qualitative shape of the corona. Again, three second shutter images are taken for a timeaveraged visualization of the corona in Figure 38 and Figure 39.

(a) 10 kV

(b) 11 kV

(c) 12 kV

(d) 13 kV
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(e) 14 kV

(f) 15 kV

(g) 16 kV

(h) 17 kV

(i) 18 kV

(j) 19 kV

Figure 38 - 3 second shutter images of positive corona in atmospheric SF 6 for a 5 mm gap
and a r = 0.12 mm tungsten tip taken with a Nikon D5600
63

The corona in the positive polarity in SF6 is markedly different than the corona seen
in atmospheric air. Notably, the positive corona on the tip is more filamentary and
reminiscent of the structures seen in the negative corona in air. Additionally, the increase in
voltage appears to simply lengthen the “jets”.

(a) -10 kV

(b) -11 kV

(c) -12 kV

(d) -13 kV
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(e) -14 kV

(f) -15 kV

(g) -16 kV

(h) -17 kV

(i) -18 kV

(j) -19 kV
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Figure 39 - 3 second shutter images of negative corona in atmospheric SF 6 for a 5 mm gap
and a r = 0.12 mm tungsten tip taken with a Nikon D5600
The negative polarity has a surprising result as well in that the negative corona appears
dimmer than that of the positive corona. Its extension into the gap is also less than that of the
positive corona. The decay of the light is also more dramatic in the filaments as they move
away from the needle tip, compared to the light in the positive corona.
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Chapter 5 Results and Examination of Breakdown Criteria

5.1 Point-to-Plane Breakdown in Air
Spark and corona branches as a function of gap distance were taken as described
previously. The spark and corona onset branches for the positive polarity point-to-plane
geometry are presented in Figure 40 for the two different tips used in atmospheric air, a brass
hemispherical cap with a radius of 0.8 mm and a phonograph needle with an inscribed radius
of 0.07 mm.
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Figure 40 - Corona point measurement for the positive polarity tip with (a) Hemispherical
capped brass rode, r = 0.8 mm (b) Phonograph needle with a tip radius of 0.07 mm
The corona onset branches of both tips are relatively insensitive to gap distance
though the onset voltages are sensitive to the geometry of the tip. The larger tip radius
corresponded to a higher voltage threshold for corona onset. This is expected when
considering the relative fields of the two tips at the same voltages. The spark branches of
breakdown monotonically increase with gap distance. Here, there is a significant dependence
on the tip size for breakdown events that occur with corona beforehand. For comparison, the
hemispherical tip broke at approximately 17.4 kV at a gap distance of 8 mm, whereas for the
phonograph needle at a gap distance of 9 mm requires only 10.3 kV. For breakdown events
without a corona precursor, the breakdown voltages are still dependent on tip size but the
difference is not as dramatic.
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An interesting phenomenon was observed near the corona point with both tips though
the effect was more pronounced with the bigger radius tip. There is a significant spread in the
breakdown voltage at the corona point that follows approximately a bimodal distribution.
With the hemispherical capped rod, this transition happens at approximately 5 mm. Several
breakdown events occur at a lower voltage that at first glance appear to correspond to the
corona onset curve. However, there are several breakdown events that occur several kilovolts
higher at the same gap distance. Visual inspection revealed that the tip emits light during the
ramp before breakdown at this higher voltage. The same effect to a lesser degree is present
with the phonograph needle at a gap distance of 4 mm. Both above and below the corona
point, the statistical distribution is much tighter and doesn’t feature the same bimodal
distribution.
A possible explanation of this effect may come from the difference in the ignition of
the corona and the steady state behavior of the corona. While the ignition of corona is
typified oftentimes with a current pulse that may be streamer-like, the resulting corona after
this pulse does not necessarily emit streamers. An inhibiting effect of the steady state corona
in air on the production of streamers may explain the unusual bimodal distribution seen here.
If the igniting streamer for the corona satisfies the necessary properties for spark breakdown,
it will proceed directly to breakdown. However, if this streamer does not quite satisfy the
requisite criterion, it’s possible that the resulting corona inhibits the further production of
streamers and pushes the breakdown voltage much higher. This inhibiting effect would seem
to be a function of the tip radius as well.
The minimum Laplacian electric fields in the positive polarity which is the field on-axis at
the plate electrode are plotted in Figure 41 for both tips.
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Figure 41 – Minimum electric fields for the positive polarity tip with (a) Hemispherical
capped brass rode, r = 0.8 mm (b) Phonograph needle with a tip radius of 0.07 mm
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The minimum electric fields illuminate some interesting characteristics of the behavior of
breakdown. More so than the voltage vs. gap distance plots, the minimum field more clearly
delineates the two regimes of breakdown as a function of gap distance. At larger gap
distances than the corona point, the minimum field is a slow-moving function of gap
distance, while the minimum fields at shorter gap distances than the distance at the corona
point are significantly higher. The inhibiting feature of the corona with the large tip is very
pronounced when examining the unique feature at 5- and 6-mm gap distances in Figure 41a.
While the minimum field appears to be monotonically decreasing with increasing gap
distance, as is actually true of the smaller tip, the minimum field actually rises briefly as one
moves to slightly larger gaps than the corona point. As a measure of the sustaining field, the
minimum fields in both geometries at the corona points are listed in Table 2.
Geometry

Hemispherical capped

Gap distance and

Minimum Electric Field

Voltage

(kV/cm)

5 mm, 7.41 kV

5.98

4 mm, 5.85 kV

4.47

brass rod, r = 0.8 mm
Steel phonograph needle,
r = 0.07 mm
Table 2 - Minimum electric fields at the corona point in the positive point-to-plane geometry
in air
One sees the immediate issue in using the apparent sustaining field as a criterion for
breakdown when examining the minimum field curves. While it may be considered as a
sufficient criterion for preventing breakdown at gap distances smaller than the corona point,
the criterion fails to provide a robust lower bound for breakdown at larger gaps. For the sharp
tip of the phonograph needle, the minimum field continues decreasing past the corona point
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minimum field though it is a slow-moving function of gap distance. The brass tip does appear
to be satisfied over the range of gaps tested though this is in large part due to the unusual
behavior of breakdown near the corona point. The apparent shift upwards of the minimum
field curve at gap distances larger than the corona point distance that is not seen with the
phonograph needle indicates the minimum field criterion doesn’t accurately describe
breakdown at gap distances slightly larger than the corona point distance.
For the negative polarity, the corona and spark branches are similarly plotted in
Figure 42. While the same general trends seen in the positive polarity are here, there are
some interesting differences in the negative polarity.
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Figure 42 - Corona point measurement for the negative polarity tip with (a) Hemispherical
capped brass rode, r = 0.8 mm (b) Phonograph needle with a tip radius of 0.07 mm
The first notable difference is the significant difference in the breakdown voltage between
the positive and negative polarities for the sharp phonograph tip when it is preceded by
corona. The deviation of the breakdown branch from the corona branch is much steeper for
the negative polarity, despite the fact that the corona onset branches are both approximately
constant over the same range of gap distances. Also, the bimodal distribution and the large
range of breakdown voltages near the corona point is no longer present. For easier
comparison, the minimum fields are plotted in Figure 43.
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Figure 43 – Minimum electric fields for the negative polarity tip with (a) Hemispherical
capped brass rode, r = 0.8 mm (b) Phonograph needle with a tip radius of 0.07 mm
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Looking at the minimum fields for breakdown, the differences between the two
polarities are more striking. Firstly, with the brass tip, the minimum field appears to level out
to a relatively constant value of about 6.2 kV/cm. The noticeable “hump” seen in the positive
polarity, brought about by the unusual breakdown characteristics at the corona point, is no
longer seen. The increase towards smaller gap distances when below the corona point is
similar to what is seen in the positive polarity. On the other hand, the phonograph needle sees
a minimum of the electric field at the corona point before apparently slowly rising at larger
gap distances. This is an interesting phenomenon not seen in any of the other geometries or
polarities. In the interest of a comparison with the positive polarity, the minimum electric
fields at the corona point are listed in Table 3.
Geometry and Polarity

Hemispherical capped

Gap distance and

Minimum Electric Field

Voltage

(kV/cm)

6 mm, 9.30 kV

5.92

3 mm, 4.03 kV

4.17

brass rod, r = 0.8 mm
Steel phonograph needle,
r = 0.07 mm
Table 3 - Minimum electric fields at the corona point in the negative point-to-plane geometry
in air
The similarity of these values with the values found for the positive polarity raise
interesting questions about the mode of breakdown with a negatively stressed electrode. As
mentioned previously, the sustaining field value associated with positive streamers in
atmospheric air is close to these values. It is also known that negative streamers are purported
to be more difficult to launch and propagate. The similarity of these minimum electric fields
possibly indicates that either the mode of breakdown with slowly ramped voltages proceeds
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through a “positive streamer-like” fashion, or that this value associated with the breakdown
voltage at the corona point is not necessarily unique to the polarity of the stressed electrode.
For a full comparison of the breakdown and corona onset curves in each polarity, the
branches for the two different tips are plotted together in Figure 44.
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Figure 44 – Corona onset and spark breakdown curves for different tips in the (a) positive
polarity (b) negative polarity
Some general trends are worth mentioning when considering the use of different radii tips in
the corona point measurement. In the positive polarity, the breakdown curves are
significantly affected by the tip radius. This is less apparent at breakdown without a corona
precursor when gap distances are smaller than the distance at the corona point, but the gap in
voltage becomes very apparent when corona precedes the breakdown. It is unclear if this is a
result of the aforementioned inhibiting phenomenon discussed earlier in the corona of the
brass tip. On the other hand, in the negative polarity, the story is quite different. Without a
corona precursor, the breakdown voltages are dramatically different. However, this gap
closes once at gap distances greater than the corona point. In fact, the breakdown curves
seem to indicate that it’s possible the breakdown strength when corona is present beforehand
is largely independent of the tip size itself. This is a stark difference compared to the positive
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polarity. It is also easier to incite corona using the sharper tip, namely the phonograph needle,
than the larger brass tip.
Comparison of the breakdown and corona onset curves for a given tip are plotted in Figure
45.
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Figure 45 – Corona onset and spark breakdown curves in different polarities for (a)
phonograph needle, r = 0.07 mm (b) brass hemispherical cap, r = 0.8 mm
When comparing the effect of polarity with the use of different tips, there are a few more
interesting details worth mentioning. With the phonograph needle, the onset of negative
corona appears to be at a slightly lower voltage while the opposite seems to be true of the
brass tip. In terms of the spark breakdown curves, the phonograph needle sees similar
breakdown voltages at shorter gap distances below the corona point. However, the slope of
the breakdown curve in the negative polarity is clearly steeper than in the positive polarity.
Thus it quickly becomes more difficult to breakdown in the negative polarity than in the
positive. On the other hand, the same is not true of the brass tip. The slopes of the two
breakdown curves don’t feature such a dramatic difference and in fact the positive polarity
has higher breakdown voltages than the negative in the range of gap distances tested.
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The gain integrals are another useful tool in analyzing breakdown and corona onset in
non-uniform geometries. The calculation of these integrals can be fraught with error due to
uncertainty in the electric fields in the geometry as well as the Townsend coefficients used.
However from a practical breakdown criterion perspective, it is still worthwhile to examine
the gain integral in these geometries to observe trends in the data as well as a comparison to
the well-known Meek criterion mentioned earlier. The Meek criterion is
𝑒 =𝐾

(27)

With K being a parameter of the order of 108.

𝐺=

𝛼 ∗ 𝑑𝑟

(28)

With 𝐺 being the field gain coefficient and 𝛼 ∗ being the effective ionization coefficient
defined as 𝛼 ∗ 𝐸 𝑁 = (𝛼 − 𝜂), where 𝛼 and 𝜂 are the ionization and attachment
coefficients, respectively shown in Figure 46. These coefficients are in general functions of
E/N, where E is the applied electric field and N is the background neutral gas density. Taking
the effective ionization coefficient for air at atmospheric pressure, the gain integral can be
calculated on axis to roughly determine the streamer-initiated breakdown regime in the pointto-plane geometry, where 𝐾 ≈ 10 . In this integral, 𝛼 ∗ is taken as 0 when it is negative due
to attachment, since it’s assumed the streamer initiation only occurs in a region where 𝛼 ∗ >
0, above the critical field, 26.2 kV/cm, in atmospheric air at 300K. The gain integral, G, is
computed through numerical integration with the trapezoidal method with the effective
Townsend coefficients linearly interpolated as a function of electric field. The gain integrals
of the experimental data are plotted with the use of both tips and polarities in Figure 47 .
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Figure 46 - Reduced Townsend Coefficients in air, solved using BOLSIG+ with cross
sections from the Biagi Database [40]
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Gain Integrals Phonograph Needle
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Figure 47 – Gain integrals in different polarities for (a) brass hemispherical cap, r = 0.8 mm
(b) phonograph needle, r = 0.07 mm
Interestingly, the corona onsets using both tips have gain integrals less than the Meek
criterion of approximately 18. The breakdown gain integrals on the other hand feature very
high electron numbers at larger gap distances. These integrals eventually decay to gains on
the order of the corona onset. If the Meek criterion is applied to the larger gap distances, it’s
clear that while streamers may possibly launch out of the corona, they are unable to transition
into a spark.
5.2 Point-to-Point Breakdown in Air
In examining the application of a minimum electric field criterion for breakdown, it is
important to consider geometries that do not place the minimum field at the electrode. This
motivates using the point-to-point geometry to examine the applicability of this method when
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the minimum field resides at the mid-plane of the gap. To account for any possible
asymmetry in the gap, the experiment was done in both polarities with the use of identical
brass tips, r = 0.8 mm. Similar to the point-to-plane results, the corona and spark branches are
plotted in Figure 48.
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Figure 48 - Corona point measurement for the point to point geometry with identical brass
tips of r = 0.8 mm in the (a) positive polarity (b) negative polarity
Despite what should be a symmetrical geometry, it’s clear that there must be some
asymmetry due to the difference in breakdown curves in the two polarities. There are some
interesting features than differentiate the point-to-point breakdown curves. In the positive
polarity, the bimodal distribution of breakdown near the corona point is absent and
consequently the breakdown curve is relatively smooth compared to the apparent jump in
voltage in the point-to-plane geometries. On the other hand, the negative polarity approaches
an apparent local minimum near the corona point before eventually decreasing at shorter gap
distances. Of note is the magnitude of the breakdown voltages seen at these gap distances. A
naïve assumption of the geometry would expect the breakdown voltages to double at twice
the gap distance that was present in the point-to-plane geometry to produce identical fields in
one half of the domain. This is not the case here however. For example, with the same brass
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tip, the breakdown at 8 mm in the point-to-plane geometry is at 17.4 kV while at 16 mm in
the point-to-point geometry the breakdown voltage is at 15.4 kV. Instead of doubling, the
breakdown voltage has in fact decreased when switching to the point-to-point geometry. The
local minimum was found in the point-to-point corona point results as well. The minimum
fields in the point-to-point geometries are plotted in Figure 49.
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Figure 49 – Minimum electric fields in the point to point geometry with identical brass tips of
r = 0.8 mm in the (a) positive polarity (b) negative polarity
The minimum fields in the point-to-point geometry share a similar story to that of the
point-to-plane in most respects with some interesting differences. The general trend of a
sharply rising minimum field at gap distances shorter than the corona point distance is
present here, as well as a slow decay of the minimum field to values below that of the field at
the corona point. In contrast to the positive polarity results in the point-to-plane geometry,
the absence of the hump near the corona point in the point-to-point geometry assures that the
minimum field falls below the electric field found at the corona point. The minimum electric
field in the negative polarity similarly falls below the corona point field. The minimum fields
found at the corona point are listed in Table 4.
Geometry and Polarity

Gap distance and

Minimum Electric Field

Voltage

(kV/cm)
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Hemispherical capped

11 mm, 13.2 kV

4.64

11 mm, 12.4 kV

4.35

brass rod, r = 0.8 mm,
point-to-point, positive
Hemispherical capped
brass rod, r = 0.8 mm,
point-to-point, negative
Table 4 - Minimum electric fields at the corona point in the point to point geometry in air
Interestingly, despite the apparent difference in the breakdown curves, the minimum
electric fields at the corona point are quite similar. Again, the correspondence of these
electric fields to that of the sustaining field of positive streamers in air is an interesting result
when considering that the electric field is no longer placed at the electrode but instead placed
at the midplane of the gap. On the other hand, from the breakdown curves, it is still clear that
it does not form a robust criterion for breakdown over the entire range of breakdown,
especially when breakdown is preceded by corona.
5.3 Point to Plane Breakdown in SF6
The geometries utilized in examining the corona point in SF 6 featured smaller gaps
than those in air due to limitations in voltage and the breakdown strength of SF 6. The corona
point measurements done with two different point electrodes in both polarities are plotted in
Figure 50 and Figure 51.
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Figure 50 - Corona point measurement in SF6 for the point to plane geometry with a tungsten
tip, r = 0.07 mm in the (a) positive polarity (b) negative polarity
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Figure 51 - Corona point measurement in SF6 for the point to plane geometry with a brass
hemispherical cap, r = 0.8 mm in the (a) positive polarity (b) negative polarity
The most distinct difference between the breakdown curves of air and SF 6 is the lack of the
bimodal distribution at the corona point. Using both tips, the distinctive hump in the
breakdown curve in the positive polarity is absent in SF6. On the other hand, there is an
interesting local minimum at the corona point with the brass tip in the negative polarity. This
was observed in air as well, though it is notably absent in SF 6 when using the smaller tip.
The minimum fields are similarly calculated as before and plotted in Figure 52 and
Figure 53.
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Figure 52 – Minimum electric fields in SF6 with a tungsten tip, r = 0.07 mm in the (a)
positive polarity (b) negative polarity
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Figure 53 - Minimum electric fields in SF6 with a brass hemispherical cap, r = 0.8 mm in the
(a) positive polarity (b) negative polarity
The minimum fields at the corona point in SF6 are listed in Table 5 for each polarity
and geometry as before.
Geometry and Polarity

Hemispherical capped

Gap distance and

Minimum Electric Field

Voltage

(kV/cm)

2 mm, 14.13 kV

39.0

0.6 mm, 3.81 kV

31.12

brass rod, r = 0.8 mm.
positive
Tungsten Needle, r = 0.07
mm, positive

92

Hemispherical capped

1.5 mm, 10.91 kV

44.30

0.4 mm, 3.34 kV

43.25

brass rod, r = 0.8 mm.
negative
Tungsten Needle, r = 0.07
mm, negative
Table 5 – Minimum electric fields in the point to plane geometry in SF 6
The minimum fields in SF6, tell a similar story to that of air. The minimum fields
decrease at larger gap distances than that of the corona point, while they continue increasing
when going to shorter gap distances. In terms of the sustaining field, the negative polarity has
a higher minimum field than the fields in the positive polarity. The negative polarity also
seems to have better agreement between tips compared to the positive polarity. These
apparent sustaining fields moderately agree with the values theorized and measured in the
literature. [41, 42, 43]
5.4 Analysis of the Data of Uhlmann and Isa
The data of Uhlmann [32] in concentric cylinders has remained a valuable tool in
examining breakdown criteria. Three datasets were taken with varying outer cylinder radii, R
= 3 cm, 5 cm, 10 cm, reproduced in Figure 54.
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(a)

(b)
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(c)
Figure 54 - Breakdown and corona onset curves for negative and positive polarities in three
different concentric cylinder geometries in atmospheric air produced by Uhlmann. (a) R = 3
cm (b) R = 5 cm (c) R = 10 cm [32]
Using the well-known equation for the electric field in concentric cylinders where a is the
radius of the inner cylinder and b is the radius of the outer cylinder, the minimum fields in
the geometry can be readily produced analytically and are plotted in Figure 55 and Figure 56.

𝐸(𝑟) =

𝑉
r ∗ ln(𝑎/𝑏)
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(29)
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Figure 55 - Minimum electric fields in the concentric cylinder geometry with a positively
charged inner conductor for (a) R = 3 cm, positive (b) R = 5 cm (c) R = 10 cm
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Figure 56 - Minimum electric fields in the concentric cylinder geometry with a negatively
charged inner conductor for (a) R = 3 cm, positive (b) R = 5 cm (c) R = 10 cm
The minimum field in all cases increases as the radius of the inner cylinder expands,
corresponding to shorter gap distances. The minimum fields in the region of large gap
distances where there is a corona precursor are a slow moving function of the radius of the
inner cylinder.
Applying a similar procedure to this data, the gain integral is calculated numerically
to find the parameter G in equation 29. For comparison to a known criterion for streamer
onset, Meek’s criterion corresponds to an approximate value of G = 18. It is important to note
using this procedure corresponds to the calculation of the number of electrons from a single
electron avalanche. The calculated gain integrals for the concentric cylinder data of Uhlmann
is plotted in Figure 57, using the analytical formula for the electric field and the Townsend
coefficients provided by BOLSIG+ from the Biagi database cross sections for air.
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Figure 57 - Gain integrals in the concentric cylinder geometry for (a) R = 3 cm, positive (b)
R = 5 cm, positive (c) R = 10 cm, positive (d) R = 3 cm, negative (e) R = 5 cm, negative (f) R
= 10 cm, negative
Similar to other results in non-uniform geometries [44, 45, 46, 47, 48], there is a discrepancy
between the Laplacian gain integrals calculated at breakdown and the well-known criterion
for streamer onset where G = 18. In fact, there are discrepancies on both sides of the corona
point. On one hand, at large gap distances, small inner radii in the case of Uhlmann’s data,
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the gain integral predicts unrealistic numbers of electrons corresponding to unphysical
currents that aren’t corroborated by experimental measurements of the current before
breakdown in the corona. On the other side of the corona point, the gain integrals lead to
avalanches that in theory should not lead to streamers and subsequent breakdown. The
number densities are simply too small to lead to the field enhancement necessary to initiate a
propagating streamer. This supports the notion of multiple initiating avalanches that form the
necessary charge density to launch a streamer. Due to the slow motion of the ions, these
avalanches don’t necessarily need to be simultaneous. The necessary charge must be built up
before the ions can be swept away by the high field in the vicinity of the stressed electrode.
In using the corona point measurement to measure the sustaining field, the concentric
cylinder data of Uhlmann gives consistent results in the positive polarity listed in Table 6,
and appears to agree well with the numbers measured in previous sustaining field literature
mentioned earlier. The negative polarity in the concentric cylinder data appears to place the
corona points at the same points as in the positive polarity, this gives the same sustaining
field values which is unlikely in the negative polarity.
Geometry

Inner Radius and

Minimum Electric Field

Voltage

(kV/cm)

R = 3 cm

0.23 cm, 31.3 kV

4.07

R = 5 cm

0.47 cm, 55.8 kV

4.73

R = 10 cm

1.01 cm, 95.9 kV

4.18

Table 6 – Minimum electric fields at the corona point in concentric cylinder data in air
Another historical example of the corona point measurement is the data of Isa et al.
[33]. This data is done in the similar point-to-plane geometry and features larger tips and gap
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distances than those used shown previously. The positive and negative polarity data is
reproduced in Figure 58.

(a)
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(b)
Figure 58 - Breakdown and corona onset curves for (a) positive and (b) negative polarities
for a tip radius of 2 mm [33]
The Isa data fills in an important range of the corona and spark branches of the corona point
measurement that is lacking in the data of Uhlmann, namely the region of high uniformity.
There are a few interesting points that are worth examining in comparison to the data taken
previously. Namely, the interesting jump in the positive polarity data directly after the corona
point at approximately 1 cm. It is not clear if the data taken by Isa is a minimum or an
average of values, but the large jump may be similarly related to the bimodal distribution
seen in the data presented here taken with smaller tips. And if so, the extreme jump seen in
Isa’s data is an indication that this effect grows more severe for larger tips. Similarly, this
effect is absent in the negative data which agrees well with the smaller tip data taken in the
negative polarity. As before, the minimum fields are plotted in Figure 59 to examine the
behavior of the field in these larger gaps.
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Figure 59 - Minimum electric fields of the (a) positive and (b) negative polarities in the
point-to-plane geometry with R = 2 mm
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As before, the jump in breakdown voltage right after the corona point seems to shift the
effect minimum field higher, though it still decays slowly with gap distance. This effect is
absent in the negative polarity. The field does decay below the local minimum established at
the corona point and reaches a value of 3.54 kV/cm at a gap distance of 9 cm in the positive
polarity and 4.60 kV/cm at 9 cm in the negative polarity. The minimum fields at the corona
points are listed in Table 7.
Geometry and Polarity

Gap Distance and

Minimum Electric Field

Voltage

(kV/cm)

Positive, R = 2 mm

1.0 cm, 12.67 kV

5.45

Negative, R = 2 cm

0.8 cm, 13.72 kV

7.90

Table 7 - Minimum electric fields in the point to plane geometry in air, R = 2 mm
Unlike in the Uhlmann data, there is a clearer distinction between the positive and
negative polarities. However, the minimum electric field in the positive polarity is higher
than is expected of the positive polarity if the sustaining field is tied to the minimum field at
the corona point. The minimum field in the negative polarity is notably higher than in the
positive case. This is an interesting deviation at higher gap distances and larger tips.
A similar analysis of the gain integrals performed on the data of Isa is
illustrated in Figure 60. Special care should be taken with calculating the gain integrals in the
point-to-plane geometry due to the lack of an exact analytical expression for the electric field
in the gap. For the purposes of this analysis the approximation given by equation 22 is used.
Knowing that this expression tends to underestimate the maximum electric field at the tip
when compared to numerical simulation leads to likely lower gain integrals than might be
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expected from numerical simulation. The uncertainty of these calculations of the gain
integral are significant and should be taken as a tentative lower bound for the gain integral.
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Figure 60 – Gain integrals of the (a) positive and (b) negative polarities in the point-to-plane
geometry with R = 2 mm
A similar story to the concentric cylinders is seen in the point-to-plane data of Isa. Of
particular interest is the extremely small gain integrals seen in the corona onset branch,
which are nearly an order of magnitude lower than the gain integrals of the concentric
cylinder data. Another interesting detail of the gain integrals of the point-to-plane data is the
existence of a minimum at the corona point. This is not the case in the concentric cylinder
geometry which sees a decreasing gain integral at shorter gap distances, larger inner radii,
than the corona point.
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Chapter 6 Conclusions

The corona point remains a valuable tool in studying the criteria of breakdown in
non-uniform geometries for slowly ramped voltages. It is also clear that traditional methods
of predicting breakdown are not adequate for highly non-uniform fields, and the mechanism
of breakdown can be complex depending on the geometry. On the other hand, in certain
regimes, it is possible to put lower bounds on the breakdown voltage when the corona point
is known. In this sense, the corona point forms a transition point between highly non-uniform
and weakly non-uniform geometries. From an application standpoint, knowing the corona
point a priori is a difficult task though rough estimates can be made based on the simple
assumptions of maximum and minimum fields introduced here.
With regards to the measurement of the sustaining field using the corona point
method, a large portion of the available data strongly suggests that it appears to be correlated
with the minimum field at the corona point in the positive polarity in atmospheric air. This
connection between the sustaining field and the corona point remains an interesting mystery
in corona point measurements. The application of this method to the negative polarity is
suspect however, and the measurement of the corona point in the negative polarity through
multiple experiments yields a wider variation of the possibly correlated sustaining field for
negative streamers. The minimum fields at the corona points analyzed are listed in Table 8
and Table 9 for atmospheric air. The minimum fields measured in atmospheric SF6 are listed
in Table 10.
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Geometry

Gap Distance/Inner

Minimum Electric

Reference or

Cylinder Radius and

Field (kV/cm),

Present Work

Voltage

Reference or
present work

Hemispherical

5 mm, 7.41 kV

5.98

Present Work

4 mm, 5.85 kV

4.47

Present Work

11 mm, 13.2 kV

4.64

Present Work

11 mm, 12.4 kV

4.35

Present Work

r = 0.23 cm, 31.3 kV

4.07

Uhlmann [32]

r = 0.47 cm, 55.8 kV

4.73

Uhlmann [32]

capped brass rod, r =
0.8 mm, point-toplane
Steel phonograph
needle, r = 0.07 mm,
point-to-plane
Hemispherical
capped brass rod, r =
0.8 mm, point-topoint, positive
Hemispherical
capped brass rod, r =
0.8 mm, point-topoint, negative
Concentric cylinders,
R = 3 cm
Concentric
cylinders,R = 5 cm
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Concentric cylinders,

r = 1.01 cm, 95.9 kV

4.18

Uhlmann [32]

1.0 cm, 12.67 kV

5.45

Isa [33]

R = 10 cm
Hemispherical
capped point, r = 2.0
mm, point-to-plane,
positive
Table 8 - Minimum fields from the corona point measurement in the positive polarity
Geometry

Gap Distance and

Minimum Electric

Reference or

Voltage

Field (kV/cm)

Present Work

5.92

Present Work

4.17

Present Work

7.90

Isa [33]

Hemispherical capped 6 mm, 9.30 kV
brass rod, r = 0.8 mm
Steel phonograph

3 mm, 4.03 kV

needle, r = 0.07 mm
Hemispherical capped 0.8 cm, 13.72 kV
point, r = 2.0 mm,
point-to-plane,
positive
Table 9 - Minimum fields from the corona point measurement in the negative polarity
Geometry and

Gap distance and

Minimum Electric

Reference or

Polarity

Voltage

Field (kV/cm)

Present Work

Hemispherical capped

2 mm, 14.13 kV

39.0

Present Work

brass rod, r = 0.8 mm.
positive
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Tungsten Needle, r =

0.6 mm, 3.81 kV

31.12

Present Work

1.5 mm, 10.91 kV

44.30

Present Work

0.4 mm, 3.34 kV

43.25

Present Work

0.07 mm, positive
Hemispherical capped
brass rod, r = 0.8 mm.
negative
Tungsten Needle, r =
0.07 mm, negative
Table 10 - Minimum fields from the corona point measurement in the positive and negative
polarities in SF6
In the exploration of the corona point, several interesting phenomena were observed,
demonstrating the rich physics in the corona, streamer, and spark transitions. Of particular
interest, from a breakdown criteria perspective, is the transition from corona to streamer
observed in the positive polarity. This manifested through the interesting bimodal distribution
found at the corona point, and its dependence on the size of the stressed electrode. The
streamer to spark transition is also of utmost importance in understanding breakdown criteria
in the regime where corona precedes the spark. Understanding these transitions are key to
formulating a comprehensive framework for gaseous streamer breakdown.
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